ABSTRACT
INTRODUCTION
Many mutations have been described for the dominantwhite spotting (W) locus on mouse chromosome 5, which encodes the c-kit receptor. These mutations are known to induce pleiotropic effects, such as sterility, macrocytic anemia, and depletion of melanocytes and mast cells [1] [2] [3] . Most of the W mutant alleles, including W, W v , W j , and W 44 , cause severe impairment of fertility because of the almost total absence of germ cells in the gonads of homozygous or double-heterozygous mice [2, 4, 5] . The germ cell defect is apparent initially at Day 9 of gestation, both because of a reduction in the proliferative capacity of the primordial germ cells (PGCs) and because of retardation in their migration from the yolk sac splanchnopleure to the genital ridge [6, 7] . Moreover, several alleles that show homozygous lethality in utero, such as W 35 , W 38 , W 40 , W 42 , and W 43 , cause deleterious effects on postnatal germ cell differentiation, even in heterozygotes [5] . The phenotypes of the various W mutants are very similar to those of the Steel (Sl) mutants, which encode a ligand for the c-kit receptor, stem cell factor (SCF) [8] . Although phenotypic analyses of W or Sl mutant testes have been examined during early development [7] and in juvenile mice [4] , to our knowledge no studies have considered the adult testicular germ cells of homozygous W mutants, because the spermatogonia of W mutants are believed to be degenerate in the adult testes (resulting from the loss of c-kit/SCF signaling).
We recently observed a small number of undifferentiated type A spermatogonia both in W and Sl mutants [9, 10] . The spermatogonia of the Sl mutant mice showed the capacity to differentiate after transplantation into the seminiferous tubules of W/W v mutant mice [9, 11] , whereas transplanted wild-type spermatogonia were able to proliferate, but not to differentiate, in the seminiferous tubules of Sl/Sl d mutant mice that lacked the normal ligand [9] . These results indicate that the SCF is required not only for the migration and proliferation of PGCs but also for the differentiation of spermatogonia. The first step of spermatogonial cell differentiation, in which the cells respond to the SCF signal stimulation, is unknown. The elucidation of the detailed mechanisms of proliferation and differentiation of spermatogonial stem cells in the W mutant testis should answer this question. Furthermore, it is important to know the physiological background of germ cell differentiation in homozygous W mutants, because W/W v mice are widely used in the germ cell-deficient testis model, which is utilized in many areas of research, including transplantation [9, 11] and molecular analysis [12] [13] [14] . In the present study, we used immunohistochemistry and germ cell transplantation techniques to perform a detailed analysis of the spermatogonia found in the W/W v mutant testis during development. 
MATERIALS AND METHODS

Mice
Immunohistochemistry
To obtain an overview of the spermatogonial contents of the seminiferous tubules of W/W v mouse testes, a whole-mount immunohistochemical technique was performed using the TRA98 monoclonal antibody, which recognizes all the male germ cell nuclei [16] . Each testis was decapsulated, and the seminiferous tubules were unraveled with a forceps in Dulbecco modified Eagle medium that contained collagenase type I (1 mg/ml) and hyaluronidase (1 mg/ml). The tubules were fixed in Bouin solution for 30 min at room temperature, washed with PBS, and then incubated with the TRA98 antibody overnight at 4ЊC. Positive reactions were visualized by incubation with the fluorescein isothiocyanate-conjugated goat anti-rat immunoglobulin G secondary antibody (ICN Pharmaceuticals, Inc., Cappel Research Products, Costa Mesa, CA).
To determine spermatogonial cell differentiation, serial cross sections were stained with either TRA98 or the anti-c-kit monoclonal antibody ACK2 [17] . In this case, freshly dissected testes were covered with OCT compound (Tissue-Tec; Sakura, Tokyo, Japan) and sections (thickness, 10 m) were cut in a cryostat. The serial cross sections were fixed with 4% paraformaldehyde (PFA) for 30 min (for TRA98 staining) or with cold acetone for 10 min (for ACK2 staining). After fixation, the slides were incubated for 1 h at room temperature with TRA98 for germ cell-specific staining of nuclei or at 4ЊC overnight with 10 g of purified ACK2 monoclonal antibody in 1 ml of PBS for the c-kit receptor. The TRA98 was visualized with diaminobenzidine, and the ACK2 antibody was detected by the avidin-biotin-peroxidase complex method with diaminobenzidine using the Vectastain Elite ABC kit (Vector Laboratories, Burlingame, CA) according to the manufacturer's recommendations.
Assessment of Germ Cell Differentiation in W/W v Mutant Testis
Ten testes were examined at each time point. Two serial cross sections from a single testis were stained immunohistochemically with the TRA98 or ACK2 monoclonal antibodies as germ cell-specific or differentiated germ cell-specific markers, respectively. The seminiferous tubular cross sections that contained spermatogonia or differentiated (ACK2-positive) spermatogonia were counted by examining sections from 10 testes.
Transplantation of Spermatogonial Stem Cells
Donor cells were collected from the testes of eGFP-transgenic W/W v mutant mice at 7-10 days of age using a previously described two-step digestion procedure [15, 18, 19] and subsequently transplanted into the testis via the efferent ductules [20] . To examine the proliferation of the transplanted green germ cells, the recipient testes were removed by a midabdominal incision under anesthesia, exposed to the excitation light of a fluorescent stereomicroscope, and photographed with a Leica DC200 camera (Leica Microscopy System Ltd., Tokyo, Japan). The abdominal wall was sutured carefully after the testes were returned to the scrotum. Thereafter, photographs of the testes were taken at appropriate intervals using the same method. In this way, the chronological changes in proliferation of the donor germ cells in the recipient testis could be monitored [9, 15] . For the detailed observations of colonization, the seminiferous tubules were isolated in PBS from the decapsulated transplanted testis, collected on glass slides, mounted with PBS, and observed under the fluorescent microscope.
Histological Analysis of the Testis after Green Germ Cell Transplantation
Recipient mice were killed by cervical dislocation at the appropriate time after transplantation. The testes were fixed in 4% PFA for 12 h and embedded in glycol methacrylate (Technovit 8100; Kulzer, Wehrheim, Germany) after dehydration in cold acetone for 1 h. Sections (thickness, 5 m) were then prepared. The sections were observed and photographed under a fluorescent microscope, then stained with hematoxylin for further detailed observation under the light microscope.
GnRH-Antagonist Treatment
The GnRH-antagonist Nal-Glu ( Ϫ1 , which is the dose that was previously reported to suppress the effects of gonadotropins and intratesticular testosterone [21] [22] [23] [24] . Seven W/ W v mice were treated with Nal-Glu starting at 10 wk of age and were analyzed after 4 wk of treatment. In total, 14 testes were examined by immunohistological staining with the TRA98 and ACK2 monoclonal antibodies.
RESULTS
Characterization of Spermatogonia in the W/W v Mutant Mouse Testis
For detailed characterization of the spermatogonia in the W/W v testes, cross sections and whole mounts of the seminiferous tubules from mice at 2, 4, or 10 wk of age were stained immunohistochemically with the germ cell-specific monoclonal antibody TRA98 [16] . Although a small number of spermatogonia were observed in the testicular cross sections of the W/W v mutants at all ages examined, the numbers varied from testis to testis (Fig. 1, A and B, and Table 1 ). Even in the case of testes that contained germ cells, the spermatogonia were found as colonies that were localized in a very limited number of seminiferous tubules. In other words, some of the seminiferous tubules contained spermatogonia, but others did not (Fig. 1, C and D) . However, in other cases, spermatogonia were completely absent ( Fig. 1B and Table 1 ). Similar observations were made in the W/W v testes of 22-mo-old mice (data not shown). These results indicate that a certain type of spermatogonia exists in the testes of W/W v mutant mice, regardless of age. Furthermore, the probability of finding germ cells appears to be lower in prepubertal testes than in adult testes (Table 1) .
To confirm that the W/W v spermatogonia were capable of proliferation, a transplantation assay using eGFP-labeled W/W v spermatogonia was performed. Eight weeks after transplantation, the donor spermatogonia had settled in the recipient seminiferous tubules and formed colonies (Fig. 2,  A and B) , whereas spermatogenesis derived from the donor eGFP-labeled W/W v spermatogonia was not observed in the recipient nonlabeled W/W v testis (Fig. 2, C and D) . Chronological analysis of the recipient testis revealed that the transplanted spermatogonia could proliferate in the seminiferous tubules, as evidenced by the elongation of fluorescence-positive seminiferous tubules (Fig. 2, E and F) . Immunohistochemical analysis revealed that c-kit-positive spermatogonia were not present in the transplanted testes (data not shown), which indicates that spermatogenesis is Whole-mount seminiferous tubules that were isolated from W/W v mouse testes at 2 wk of age and that were immunostained with TRA98. Seminiferous tubules that contained spermatogonia were visualized with the fluorescein isothiocyanate-conjugated secondary antibody. In C, the arrowhead and arrows indicate the seminiferous tubules that contain spermatogonia and that lack spermatogonia, respectively. In D, the former situation is shown at a higher magnification. e The frequency of testes that contained germ cells, expressed as a percentage of the total number of testes examined, is shown in parentheses. f Significantly higher than at 10 wks of age (P Ͻ 0.05). g Significantly higher than at 2 or 4 wk of age (P Ͻ 0.05).
arrested at the point of undifferentiated type A spermatogonia.
The eGFP-labeled W/W v spermatogonia were transplanted into the seminiferous tubules of W/W v or Sl/Sl d mice and monitored by fluorescence for the number and length of colonies to further confirm the settlement and proliferation of the spermatogonial stem cells. The SCF stimulation is known to be normal in the W/W v mutant testis, whereas it is defective in the Sl/Sl d mutant testis [9, 11] . If germ cell settlement and proliferation are affected by some unknown effect of SCF or via the mutant W v receptor even though the tyrosine kinase is defective [8] , we should observe some differences in the transplantation experiment. Both the number and average length of the colonies that formed in W/W v testes were similar to those that formed in the Sl/Sl d mouse, which lacks SCF function (Fig. 3) . These observations demonstrate directly that c-kit/SCF signal transduction affects neither the settlement nor the proliferation of undifferentiated type A spermatogonia.
Differentiation Capacity of W/W v Mutant Spermatogonia
To examine the differentiation of W/W v mutant spermatogonia, we performed immunohistochemical analysis using the anti-c-kit monoclonal antibody ACK2. The c-kit receptor is expressed on differentiated germ cells at the A 1 spermatogonia to pachytene spermatocyte stages and also on Leydig cells; however, it is not expressed on undifferentiated type A spermatogonia that contain spermatogonial stem cells [9, 25, 26] . Likewise, the functionless c-kit protein in the W/W v mutant is also expressed in many tissues in which the wild-type c-kit is supposedly expressed during normal differentiation, although c-kit signal transduction is impaired because of the W/W v mutations in the receptor tyrosine kinase-that is, the deletion (W) and point mutation (W v ) [8] . Using ACK2 monoclonal antibody, which recognizes the extracellular domain of the murine c-kit receptor [17] , we observed that Leydig cells in the W/W v mutant were able to express c-kit protein strongly (Fig. 4 , B, D, and F), like normal Leydig cells in wild-type mice. At 2 or 4 wk of age, some of the spermatogonia were observed to be c-kit positive, which indicates that spermatogonial cell differentiation occurred even in W/W v mutant testes (Fig. 4, A and B, and Table 1 ). However, at 10 wk of age, all the spermatogonia were c-kit-negative undifferentiated type A spermatogonia (Fig. 4 , C and D, and Table  1 ). These results indicate that spermatogonial cell differentiation occurs in the juvenile, but not in the adult, W/W v mutant testis.
While studying the mechanism of germ cell differentiation during the development of the juvenile W/W v mutant testis, we realized that this phenomenon reflected the phenotype of the jsd/jsd (juvenile spermatogonial depletion) mutant, in which germ cell differentiation is observed only in juvenile testes [27] . In this case, the intratesticular androgen level is low, and differentiation can be resumed, even in the adult testis, if the testosterone level is decreased [22, 23] . The administration of Nal-Glu, a GnRH antagonist known to reduce intratesticular testosterone level, to W/W v mice at 10 wk of age was able to promote differentiation of germ cells expressing c-kit protein after 4 wk of treatment (Fig. 4 , E and F, and Table 2 ). These results indicate that spermatogonial cell differentiation in W/W v mutant testis is induced by reducing the level of intratesticular testosterone, at least until the appearance of the c-kit-receptor protein, although the function of the c-kit-receptor tyrosine kinase is defective because of mutation. These results also indicate that the initial differentiation process does not require c-kit signal stimulation.
DISCUSSION
Deletions or mutations in the W and Sl genes, which encode the tyrosine kinase receptor (c-kit) and its ligand (SCF), respectively, produce sterility in mice because of the loss of germ cells [8] . Studies of these mutants have clearly established the importance of c-kit/SCF signal transduction in the normal development of PGCs, and analyses of W and Sl embryos have shown that the c-kit/SCF system plays an important role in the migration and/or proliferation of PGCs [7, 28, 29] . Consistent with this notion, in situ hybridization studies have shown that c-kit is expressed in PGCs before and after migration into the genital ridges during embryogenesis [30] . However, to the best of our knowledge, no reports have analyzed spermatogonia in the adult W mutant testis, probably because it was thought that spermatogonia were defective, very few in number, or degenerated in the adult testis. Nevertheless, the W mutant mice, such as the W/W v mutants, are widely used as sources of germ celldeficient testes. For example, W/W v mutant testes have been used to prepare a subtracted cDNA library of genes that are expressed specifically in undifferentiated spermatogonia [12] [13] [14] or as recipient testes for the assessment of donor spermatogonia [31, 32] . The results of our present study indicate the existence of undifferentiated spermatogonia in the testes of the W/W v mutant mouse even in adult mice. Previously, we transplanted jsd/jsd mutant spermatogonia into the seminiferous tubules of the W/W v mutant mouse for the assessment of mutant spermatogonia [32] . At that time, we used the W/W v mutant mouse after busulfan treatment to eliminate the endogenous spermatogonia from the W/W v mutant testis. After the administration of busulfan, almost all the endogenous spermatogonia were eliminated from the W/W v mutant testes, which could then be used as germ cell-deficient recipient testes [32] .
Previously, we observed proliferating cell nuclear antigen-positive undifferentiated spermatogonia in the W/W v mutant testis [10] . In the present study, we investigated in more detail the number of spermatogonia in W/W v mutant mice (Table 1) , and we characterized the proliferation and differentiation of W/W v spermatogonia directly by transplantation into recipient testes (Figs. 2 and 3 ). The number of germ cells in the W/W v mutant testes varied from testis to testis. This variability was probably caused by differences in the migration and proliferation of PGCs in W/W v mutant testes [7] . By and large, the possibility of finding germ cell-positive tubules increases with age (Table 1) , which offers circumstantial evidence for the proliferation of W/W v mutant germ cells in the seminiferous tubules.
Although differentiated germ cells were not found in the adult W/W v mouse testes, spermatogonial differentiation was observed in the juvenile testes (Fig. 4) . This observation was quite surprising, because we had believed that ckit signal stimulation was a prerequisite for the initial stage of testicular germ cell differentiation and because c-kit receptor-positive differentiated germ cells had not been observed previously in W/W v mutant testes. Specific expression of c-kit-receptor protein on the cell surface of spermatogonia in the juvenile, but not in the adult, mouse may be caused by differences in the microenvironments of these two testes. Indeed, testicular germ cell differentiation is known to occur in juvenile Sl 17H /Sl 17H and jsd/jsd mutant mice, in which it is referred to as the ''first wave of spermatogenesis'' after birth, but it is subsequently inhibited in the adult testes [27, 33] . A similar pattern of differentiation was probably observed in the juvenile W/W v mutant mice a Seven mice were treated with the GnRH antagonist Nal-Glu (see Materials and Methods) starting at 10 wk of age and were analyzed after 4 wk of treatment. In total, 14 testes were examined. Immunohistological staining of two serial cross sections from a single testis was performed with the TRA98 and ACK2 monoclonal antibodies. b Number of seminiferous tubule cross sections that contained ACK2-positive differentiated spermatogonia. The percentage frequency of differentiated tubules (in parentheses) is expressed as the mean Ϯ SEM of the total number of tubules that contained spermatogonia in each testicular sample. c Total number of seminiferous tubular cross sections that contained spermatogonia. The percentage of the total number of tubular cross sections counted in each testicular sample (in parentheses) is expressed as the mean Ϯ SEM. d Significantly higher than at 10 wk of age in Table 1 (P Ͻ 0.05).
( Fig. 4) . Recent experiments in which the intratesticular testosterone level was decreased by the administration of a GnRH antagonist demonstrated the induction of spermatogenesis in testes that had been damaged by radiation or drugs [34] and also in jsd/jsd mutant mice [22, 23] . In the present study, spermatogonial cell differentiation, which resembled that seen in the juvenile testis, was observed in GnRH antagonist-treated adult W/W v mouse testes, which suggests that lowering the intratesticular testosterone level induces germ cell differentiation even in adult W/W v mice. Therefore, it appears that some of the factors involved in promoting spermatogenesis are produced in the testis by reducing the testosterone concentration or are themselves repressed by testosterone. Several factors, such as transforming growth factor ␣ and insulin-like growth factor-1, are present consistently during prepubertal testicular development but decrease with sexual maturity [35] [36] [37] [38] . These two factors are known to induce the differentiation of type A spermatogonia in vitro [39] . Thus, the testicular microenvironment changes during maturation and ends up being quite different in young and adult animals. Germ cell differentiation might occur only in favorable conditions as juveniles and in various defective conditions as W/W v (Fig. 2 [33] , and jsd/jsd [27] mutant mouse testes. In addition, production of these factors may be regulated by the local level of testosterone. The observation of germ cell differentiation in the W/W v mouse testes was limited to the c-kit-receptor expression in the present study. Although we do not have any efficient markers for early stages of germ cell differentiation at present, it would be important and interesting to find other novel differentiation markers. In any case, once we understand these mechanisms, we may be able to find new ways to promote spermatogenesis in adult testis as in the juvenile testis.
